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ABSTRACT

We propose an alternate fabrication technique of microchannel resonators based on an assembly method of three separate parts to form a
microchannel resonator on a chip. The capability of the assembled microchannel resonator to detect mass is confirmed by injecting two
liquids with different densities. The experimental and theoretical values of the resonator frequency shift are in agreement with each other,
which confirms the consistency of the device. The noise level of the device is estimated from the Allan variance plot, so the minimum
detectable mass of 230 fg after 16 s of operation is expected. By considering the time of the practical application of 1 ms, it is found that a
detectable mass of around 8.51 pg is estimated, which is applicable for detecting flowing microparticles. The sub-pico to a few picogram
levels of detection will be applicable for the mass analysis of flowing microparticles such as single cells and will be greatly beneficial for
many fields such as chemistry, medicine, biology, and single-cell analysis.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0032040

I. INTRODUCTION

Microchannel resonators have been developed and widely
researched in recent years to measure micro/nanoparticle mass in
fluids such as single cells, protein, and DNA.'”"” Many advance-
ments have been made in microchannel resonators, especially using
the suspended microchannel resonator (SMR), ranging from mini-
mizing mass and density detection resolution to extending the
application of the SMR.”™" Despite the achievement of the SMR,
an alternate fabrication technology for microchannel resonators is
also one interesting topic to be explored.

Measuring the mass and density of micro/nanoparticles, espe-
cially single cells, is one important point of interest in microchan-
nel resonator development.””” For instance, a single cell has a
defense mechanism which is called apoptosis. Apoptosis, also
known as programmed cell death, occurs when a cell is damaged,
either by disease or by other sources. During apoptosis, shrinkage
occurs in a cell and causes a change in its mass and density.*™"*

Detecting the mass change of a single cell can result in the early
detection of disease.

The fabrication process of the assembled microchannel reso-
nator is based on the assembly process to form a complete device.
The assembly method also means simplification of the whole fabri-
cation process of the device. A hollow silicon structure has been
reported previously."” By using the assembly method, the parts of
the microchannel can be fabricated separately with a common
microfabrication process such as a deep reactive ion etching (RIE)
and can be assembled in the final process. By assembling with the
full structure of silicon, which is a base substrate in microfabrica-
tion technology, more interesting fabrication ideas can be explored.
For example, by coupling the device with piezoelectric or piezore-
sistive material, it is possible to extract the electrical signal directly
from the resonator, which simplifies the process of actual sensor
application."'™'* Another possibility of it being a magnetic sensor
for flowing microparticles is also being considered."”
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In this research, the assembled microchannel resonator is eval-
uated by the common concept of mass measurement in flowing
liquid to observe its performance as an alternate novel type of
microchannel resonator. The evaluation will include its measure-
ment repeatability by measuring the mass of different liquids and
observing its noise level. Furthermore, it is hoped that the establish-
ment of the assembled microchannel resonator as a novel type of
microchannel resonator will open up new possibilities for it in the
fields of biology, chemistry, medicine, and cell diagnosis.

Il. EXPERIMENTAL

A. The desigh concept of the assembled microchannel
resonator

The assembled microchannel resonator is designed following
the concept of frequency change due to additional mass to the reso-
nating body. In the case of mass measurement of a liquid, the
concept of a liquid flowing inside the resonator is applied. The
equation of this phenomenon is described as follows:*

_ 1 ke
fn_ Af*% meﬁJraAm' (1)

The resonance frequency of a resonator (f,) depends on its
effective spring constant (k.y) and its effective mass (m.y). When
an additional mass (Am) enters the microchannel, the resonance
frequency will be shifted (A\f). From this frequency shift, the pres-
ence of additional mass can be known. & is a numerical constant
based on the geometry of the resonator. For the bridge-type resona-
tor, the o value is about 0.38.

The assembly method is proposed in this research as a novel
type of fabrication strategy for microchannel resonators. Assembly
means to fabricate separate parts of the device and assemble them
in the final stage of fabrication. The assembled microchannel reso-
nator consists of three parts: a groove part, a microchannel part,
and a glass part. These three parts will be assembled to form a
complete device of an assembled microchannel resonator, see Fig. 1
(assembled a + b+ c).

B. Fabrication of the groove part (a) and glass part (c)

Fabrication of the groove part (a) utilizes the common deep
RIE process for the top and back of a silicon on insulator (SOI)
wafer. The SOI wafer with a 40 um thick silicon device layer, a
0.5 um thick silicon dioxide layer, and a 676 um thick silicon han-
dling layer is used as the groove part of the device, see Fig. 1(a-1).
The process contains photolithography for patterning the desired
structure and is then followed by a deep RIE process to form the
structure. The first deep RIE process of the 40 um device layer on
the SOI wafer is done to form the groove part microchannel struc-
ture, see Fig. 1(a-2). The second deep RIE process of the 676 um
handling layer is done to form the 200 um valley for the vibration
of the micro-tube resonator and hole for the sealing material injec-
tion, see Fig. 1(a-3). The finishing process of the groove part is
done by removing the SiO, layer by buffered hydrogen fluoride
(BHF) solution, see Fig. 1(a-4).
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The glass part (c) is meant to be the top cover of the device
for forming a complete microfluidic device. For the fabrication of
this part, wet etching of glass and sandblasting processes are used.
A glass (Tempax) with 300 um thickness is used for the process;
see Fig. 1(c-1). Wet etching is used to open the vibrational gap for
the resonator. Cr-Au is deposited to form a Cr-Au mask to prevent
large-side etching to the glass due to wet etching; see Fig. 1(c-2).”’
The solution used for the wet etching process of the glass part is a
mixed solution of hydrofluoric (HF) acid and de-ionized (DI)
water with a ratio of 2:1. The sandblasting process is used to form
the inlet and outlet of the device. Dry film resist is used for pattern-
ing the sandblasting process; see Fig. 1(c-3).

C. Fabrication of microchannel part (b)

The microchannel part is the main challenge in this fabrica-
tion process. Fabricating a long hollow silicon channel with a high
aspect ratio has never been done before. The target of fabrication is
to make a 400 um straight and long hollow channel with an inner
width of 34um. A deep RIE process is planned to be utilized
during this fabrication process. One problem to be overcome is that
an effect called the micro-loading effect will occur when perform-
ing deep RIE with such a small hole, whereas the other etching
part is incomparably wide.”' ">’ The etch rate of the silicon depends
on the total exposed area during the etching process; this is what is
called the loading effect. However, local variations in the pattern
cause a different local etch rate on each pattern; this is what is
known as the micro-loading effect. Due to the micro-loading effect,
the patterned inner channel area will have a much smaller etching
rate compared with the outside wide area of the channel. As a
result, the outside area will reach the bottom height of the channel
first and will start to side-etch the outer part of the channel, while
the inner part of the channel is still shallow. To overcome the
micro-loading effect problem, a double-channel pattern is utilized
to reduce the micro-loading effect, see Fig. 2. The inner pattern
and the outside pattern of the channel are set with a ratio of 1:1.
These patterns create a similar etching area between the inner part
of the channel and the outside part of the channel; thus, each part
will have the same etching rate.

The micro-loading effect also tends to create a tapered shape
of the channel, which must be avoided as much as possible to
ensure a good microfluidic channel. A modification of the deep
RIE process is done to avoid the creation of the tapered shape of
the microchannel. By gradually changing the etching parameter in
every cycle of the deep RIE process, the creation of the tapered
shape can be minimized.

The complete fabrication of the microchannel is explained as
follows. An SOI wafer with a 100 um thick silicon device layer, a
1 um thick silicon dioxide layer, and a 400 um thick silicon han-
dling layer is used for the fabrication; see Fig. 1(b-1). A 2um
silicon dioxide layer is deposited on the 400 um handling layer of
the SOI wafer using the tetraethoxysilane (TEOS) chemical vapor
deposition (CVD). Photolithography patterning and silicon
dioxide etching using RIE are done to make an oxide mask;
see Fig. 1(b-2). As explained before, a double-channel pattern is
used to reduce the micro-loading effect. A modified deep RIE
process is done for the high aspect ratio vertical microchannel;

Biomicrofluidics 14, 064111 (2020); doi: 10.1063/5.0032040
Published under license by AIP Publishing.

14, 064111-2


https://aip.scitation.org/journal/bmf

Biomicrofluidics ARTICLE

scitation.org/journal/bmf

(a) Groove part (b) Microchannel part ¢) Glass part
p
> 40um 100 pm 1. Tempax glass 300 pm
) 1. SOI wafer ) 1. SOI wafer ’H p g L
Sil” N

2.1, Deep RIE
(top side; SF, C,Fy)

2. TEOS CVD SiO, deposition 2 um
(Oxide mask)

RRIRS R8RS RO

2. Glass wet etching
HF: DI water 2:1

TRV L LR,

CULLUULOLOOUOOOOOUOO S,

3.2,4Deep RIE
(back side; SF¢, C,Fy)

ALLLLLLLLLL LY,

3. Deep RIE 400 um

Al

3. Sand blasting
Air pressure 0.3 MPa
AL O; 14 pm size

AR
L

4. BHF etching
(SiO, etching)

0 0C]

4, HF etching (Release)

g

I==="

]

Cross section of .
microchannel 200 pm Slit for conductive
o e glue
XS
= [E
3 |2 — /
J ¢
\s

Groove part

Top view

Assembled (atb+c)

Side view

FIG. 1. Fabrication process of the assembled microchannel resonator: (a) groove part, (b) microchannel part, and (c) glass part.

see Fig. 1(b-3). For this modified deep RIE process, a three-step
process in one cycle is used. Two times the etching process is fol-
lowed by the deposition process of the passivation layer for the
sidewall to ensure an anisotropic condition. The first etching
process is to remove the passivation layer and the second etching
process is to etch the silicon layer. The low frequency (LF) platen
power of the first etching is set to be gradually decreasing every
cycle by 0.083%. The reason for this gradual decrease is to keep

the straight line of the etched part. Continuous removal of the
passivation layer might cause side etching to the microchannel
wall. By gradually decreasing the LF platen power, the passivation
layer can survive even in the deep etching condition and a vertical
microchannel can be made. The SEM image of the double
channel can be seen in Fig. 3(a). A vertical shape channel standing
on the SiO, layer of the SOI wafer is successfully fabricated as
shown in Fig. 3(b).
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(a) (b) To release the microchannels, a concentrated 50% HF solution
has been used until all the microchannels are released from the
wafer; see Fig. 1(b-4).>** The released microchannels are floating on
the dangerous HF solution. To pick up the microchannels, continu-
y Focused etching ous dilution of HF solution by de-ionized water is performed. This
arca continuous dilution is meant to reduce the concentration of the HF

y solution to the point where it becomes safe to pick up the micro-
channels. A polytetrafluoroethylene filter was then used in the end
to pick up all the microchannels from the diluted HF solution.

Due to the double channel pattern, not only the inner micro-
channel but also the outer big channel are fabricated. After the fil-
tering process, some of the inner channels are still inside the outer
channel. However, no sticking error is found and the separation
process can be done easily by using a glass needle.

It is found that the bottom part of the microchannel was not
completely etched during the deep RIE process while it is seen that
the top side forms a hollow channel shape. An additional cut of the

Wide etching area

X

X£y X=y

FIG. 2. Photolithography pattern of the microchannel: (a) conventional pattern
and (b) double channel pattern.
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FIG. 3. Fabricated microchannel: (a) after deep RIE process using the double channel pattern, (b) fabricated part of the inside microchannel; the bottom hole is formed by
FIB cut, (c) pickup process of the microchannel using a glass needle, and (d) fabricated part of the final assembled microchannel resonator.
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microchannel part using a focused ion beam (FIB) has been done to
open the bottom hole of the microchannel part; see Fig. 3(b). The
actual length of the microchannel obtained is 330 um; see Fig. 3(c).
The inlet and the outlet of the microchannel are slightly
different in width. The outlet side is smaller than the inlet side; see
Fig. 3(c). This indicates that the inner side of the microchannel has a
tapered shape due to the micro-loading effect of the deep RIE
process. However, the use of a double-channel pattern followed by a
modified deep RIE process proved successful in minimizing the
whole taper shape of the channel and forming a microchannel. The
optimized double pattern ratio might completely overcome the micro-
loading effect to form a long microchannel with a complete shape.

D. Assembling the three parts

To assemble the three parts, a glass needle attached to a
micromanipulator is used to place the microchannel on the groove
part of the device. The fixation method used for this assembly
point is by sticking a silver paste. The silver paste is first stuck
using a glass needle on the surface of the groove part where the
microchannel will be placed. Then using a different glass needle,
the microchannel is picked up and placed on the groove part; see
Fig. 2(c). The sharp tip of the glass needle can be inserted into the
microchannel part. By inserting the glass needle into the microchan-
nel, it can be transferred freely and placed on the groove part. The
aligning process is done optically using a microscope. After the
assembly process is completely, the microchannel is then detached
from the glass needle. The assembled groove part and the micro-
channel part are then heated up on a hot plate to cure the silver
paste and fix the assembly point. This process is then followed by an
anodic bonding process with the glass part to form a complete struc-
ture of the assembled microchannel resonator; see Fig. 1 (assembled
a+b+c). The anodic bonding is meant to cover the top side of the
device and to be the inlet and outlet of the device.

For the sealing process, silver paste is stuck to cover the back
hole of the device. This process is then followed by the vacuuming
process to push the silver paste inside. The sealing process is final-
ized by heating up on a hot plate to cure the silver paste. The new
fabricated assembled microchannel can be seen in Fig. 3(c). The
length of the resonator part is 200 um.

E. Measurement setup of the system

To evaluate the fabricated assembled microchannel resonator,
two systems based on a laser Doppler vibrometer (LDV) for the
resonant frequency measurement of the resonator have been used.
One system is an open-loop measurement system with a lock-in
amplifier. This experimental setup is to evaluate the performance
of mass detection with liquid flow in the channel by detecting the
peak of the resonant frequency. The second system is a closed loop
with a phase-locked loop (PLL). This experimental setup is to eval-
uate the noise of the system. A piezoceramic actuator is used to
vibrate the resonator with the actuation voltage supplied from the
internal generator. The experimental setup can be seen in Fig. 4.

The resonance frequency of the assembled microchannel reso-
nator is changed depending on the additional mass inside the
microchannel. To evaluate the mass sensing capability, de-ionized
(DI) water and ethanol are injected in sequence inside the
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FIG. 4. Experimental setup for resonance peak and frequency stability
observation.

microchannel. A change of the resonance frequency is then
observed. This experimental result is compared with the theoretical
value to conclude its consistency.

The second system is set up for the evaluation of the resona-
tor’s noise level. A noise analysis of this system is done by using
the PLL system of the lock-in amplifier. The PLL system will
compare the phase of the reference signal with an output signal
whose phase is related to the reference. The deviation from the
reference will be recorded as the frequency shift as its output signal.
The purpose of this PLL system is to detect the noise level of the
assembled microchannel resonator; therefore, the bandwidth of the
PLL system is set to be 100 Hz. The output signal of the resonance
frequency shift from the PLL system is connected to the oscillo-
scope to record the frequency stability of the system by the Allan
variance analysis; see Fig. 4. An oscillator dataset contains the time-
dependent noise, which is contributed by low-frequency phenom-
ena such as natural disturbances. In the Allan variance analysis, the
noise generated by the time of operation can be separated, whether
it comes from the high-frequency phenomena of white noise, the
noise floor flicker noise, or the random walk noise which generally
comes from natural disturbances. By this analysis, controllable
noise such as white noise can be determined and the means to
improve the device can be determined. A more detailed explanation
will be provided in the Secs. ITI-IV of this paper.

I1l. RESULTS AND DISCUSSION

A. Resonant peak observation of an assembled
microchannel resonator

The initial evaluation of the device is performed with the
assembled microchannel resonator with no liquid injected inside
the microchannel. The assembled microchannel resonator is
vibrated with the piezoceramic actuator under atmospheric pressure
conditions. The resonance peak in amplitude is observed by

Biomicrofluidics 14, 064111 (2020); doi: 10.1063/5.0032040
Published under license by AIP Publishing.

14, 064111-5


https://aip.scitation.org/journal/bmf

Biomicrofluidics ARTICLE

sweeping the actuation frequency using the LDV system. The laser
position of the LDV is focused on the specific place where we want
the vibration to be observed. A simulation using COMSOL is also
done with the assembled microchannel design for comparison with
the experimental result.

An evaluation of the assembled microchannel resonator with
air inside can be seen in Fig. 5. The resonance frequency observed
by the LDV is 4.55 MHz in the center part of the microchannel
with the quality factor (Q factor) of 120, as seen in Fig. 5(a). This
vibration is confirmed with the variation of LDV laser position and
actuation voltage. It is confirmed that the vibration is dependent
on the laser position and the actuation voltage, which indicates that
the vibration that occurs is the true vibration of the resonator;
see Fig. 5(b).

This experimental value of resonance frequency is then com-
pared with the simulation result. The simulation result shows that
the resonance frequency of the design is in the value of 7.2 MHz.
One consideration of the resonance frequency difference is that the
fabricated structure deviates from the design. The point that is con-
sidered to be changed is the inner channel size and the length of the
resonator. The inner channel size is slightly different due to the
micro-loading effect, and the length of the resonator is changed due
to imperfect anodic bonding conditions. By calculation, it is deter-
mined that the actual average inner channel size is about 32.5um
and the microchannel is fixed in the sealing hole position with a
length of 312.5 um. With this adjustment, the calculated resonance
frequency is matched with the experimental value of 4.55 MHz.

@ 359
30.0 Res. freq.: 4.55 MHz
£) Q factor: 120
25.0 . .
2 Estimated length:
§ 20.0 [312.5um
% 15.0
g 10.
- 10.0
5.0
0.0 t

2.0 3.0 4.0 5.0 6.0
Resonance frequency (MHz)

(b) 60 s

50 .
540 : |® Center | @ Support
3 .
230 . J:L_/_
= . -
=
g 20 n L L

10 .

(ta o o o °

0 5 10

Actuation voltage (V)

FIG. 5. (a) Peak at resonance frequency measured by LDV. (b) Actuation
voltage and position dependence of the resonance peak.
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B. Evaluation of mass sensing performance

Two types of liquid are injected inside the microchannel to
test the mass sensing capability of the assembled microchannel res-
onator. The resonance frequency is observed by the LDV using the
same condition used in the previous measurement. Theoretical cal-
culations are done to see whether they are consistent with the
experimental results.

An evaluation of the assembled microchannel resonator with
DI water inside showed that the resonance frequency observed by
the LDV is 3.37 MHz on the center part of the microchannel with
a Q factor of 112. When it is injected by the 100% ethanol, the res-
onance frequency is observed in the value of 3.54 MHz on the
center part of the microchannel with a Q factor of 119. The
minimum change of the Q factor indicates minimum power loss
during liquid injection to the microchannel. The mass responsivity
of the device is calculated from these two results with the value of
2816.9 Hz/ng. All of these results are provided in Fig. 6(a).

These results are consistent with the theoretical calculations as
plotted on the graph in Fig. 6(b). These results show a promising
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FIG. 6. (a) Comparison of resonance frequency and Q factor change of different
liquids. (b) Theoretical and experimental comparison of mass change.
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capability for the assembled microchannel resonator to be used as a
mass sensor. As a mass sensor, further application for microparticles
mass detection is expected in such a system. The system’s noise level
should match the requirement of mass resolution of microparticles.

C. Minimum detectable mass of the microchannel
resonator

To analyze the noise level and minimum detectable mass, the
Allan variance plot is utilized. As mentioned before, Allan variance
is a measure of the frequency stability of an oscillator. It is defined
by the following equation:***’

D) =5 G~ 7 @)

where o; is the Allan variance, t is the observation period, and ¥,
is the nth fractional frequency average over the observation time 7.
The fractional frequency is obtained as follows: the frequency noise
signal from the PLL is divided by the resonance frequency of the
resonator. Allan deviation is the square root of the Allan variance

as described below:
oy(7) = \/o3(7). (©)

Allan deviation analysis will enable us to know the level of fre-
quency stability in each period. Eventually, noise floor stability will
be achieved before it increases again due to noise from natural
disturbances.

From the Allan variance analysis graph in Fig. 7, the
minimum frequency noise is calculated by its square root and then
by dividing it with the resonance frequency of the resonator. The
minimum frequency noise stability of the device is 2.2 Hz after
16s. The frequency noise is equivalent to adding mass to the

1.00E-09

Frequency noise: 80 Hz

Minimum mass: 8.51 pg
E 1.00E-10 Time: 0.001 s
©
Tg’ Fr.eq.uency noise: 2.2 Hz
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FIG. 7. Allan variance analysis of an assembled microchannel resonator.
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resonant body, as mentioned in Eq. (1). As per Eq. (1), 2.2 Hz of
frequency shift is equivalent to 230 fg mass detection by the resona-
tor. For the operation of flowing microparticles through the micro-
channel, 16 s is unpractical due to incomparable detection time and
the time needed for the microparticles to pass through the micro-
channel. However, it is seen that in the region of 1ms, the fre-
quency noise is still in the value of 80 Hz which is equal to 8.51 pg
mass addition to the resonator body. With the microchannel reso-
nator’s length of 200 um and the estimated flow speed of the liquid
of 10 mm/s, the time needed for the microparticles to pass through
the microchannel is about 2 ms, which is still compatible with the
1 ms response time of the resonator. This result is a promising indi-
cation that the device is usable for the mass detection of flowing
microparticles.

To determine whether the noise level is acceptable for micro-
particle mass detection, a simple calculation has been done. One of
the remaining interesting points relating to mass detection at the
micro-scale level is the single-cell analysis. In this type of analysis,
one of the most important phenomena is apoptosis, which is
known as the cell’s programmed suicide system.'’”'” Apoptosis
occurs when a cell is damaged by diseases such as viruses or other
means. During apoptosis, a cell will undergo shrinkage, which will
change its mass and density. Detecting such mass change is impor-
tant for processes such as early detection of disease. Therefore, in
this research, the possibility of detecting such a phenomenon will
be one of the specifications to determine the performance of the
assembled microchannel resonator.

For example, a lymphocyte with a diameter estimation of
15um and a density of 1073 kg/m” is set as the target of measure-
ment.”” Estimating with simple sphere volume, we get a volume of
1.4 % 10*um>®. The cell will remove water in the same volume.
Thus, we will get a mass change of around 1000 pg. If we estimate
when apoptosis occurs, there will be a 5-10% change of mass, and
then the mass change will be around 50-100 pg. In the previously
reported paper, it is also shown that during apoptosis, the mass
change of pg range is needed to observe the apoptosis of a single
cell.'” Comparing the value of the noise level and the target mass
detection of apoptosis in a single cell, it can be concluded that with
the mass resolution of the pg range, the assembled microchannel
resonator is capable of detecting apoptosis in a single cell. In terms
of high sensitive sensing, the assembled microchannel resonator is
still far below the previously reported mass detection of the micro-
channel resonator of 7 zg*. However, one of the purposes of this
device is to fabricate a wide microchannel for the application of the
single-cell analysis with a diameter of up to 20 um. For such a
purpose, the pg range of detection is applicable. Moreover,
improvements can be made by considering the reduction of the
noise of the system.

The reduction of the noise level is possible when the source of
noise can be defined. From the Allan variance analysis in Fig. 7,
the source of noise can be plotted. The noise source before the
minimum stable frequency emanates from white noise. It is also
known as thermal noise, which is the common main noise from
the resonator.

To improve the mass detection capability of the assembled
microchannel resonator, the reduction of thermal noise can be
done by modifying the resonator’s structure. The thermal noise is
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described by the following equation:***

4)

where Amip,;, is the minimum detectable mass of thermal noise, G
is a geometrical factor, k is the spring constant, £, is the resonance
frequency, kg is the Boltzmann constant, T is the temperature, B is
the bandwidth, 7 is the time constant, Q is the quality factor, and
Zpsc 1s the amplitude.

From this equation, it can be seen that one important parame-
ter is the Q factor. If the resonator can have a very high Q factor,
then the minimum detectable mass can be much lower. One
improvement that can be done is by using the assembly method of
the assembled microchannel resonator. The current device now has
a low Q factor even though it is made of silicon which usually has
a high Q factor. The use of silver paste as a method of assembly
might be one factor. By changing the assembly method, the Q
factor of the device can be improved. One of the possibilities is by
utilizing the micro-clamping method. Two research papers have
reported such a method as the assembly method.”"** Another way
to improve the Q factor is by vacuum encapsulation as it is widely
reported in the literature.' >~

IV. CONCLUSIONS

The proposed assembled microchannel resonator has been
fabricated and evaluated. The capability of mass detection has also
been confirmed with consistent results and comparing them with
theoretical calculations. A minimum detectable mass value of
8.51 pg with a measurement time of 1 ms will be applicable for
measuring a flowing microparticle through the microchannel.
These results show that the performance of the assembled micro-
channel resonator is good, and it can be used as an alternate micro-
channel resonator mass sensor. Further improvements to the
resonator can be done by reducing its thermal noise, which is its
main source of noise. Such improvements will open up its applica-
tion for even more sensitive requirements.
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